Chondrites consist of material that never heated sufficiently to melt, while primitive achondrites only underwent partial melting. Such samples can be explained as fragments of relatively homogeneous small bodies without invoking differentiation processes. However, iron meteorites analogous to planetary cores and stony achondrites analogous to differentiated planetary crusts demonstrate that metal-silicate differentiation occurred in planetesimals during the first few million years after the formation of calcium-aluminum-rich inclusions (CAIs) (e.g., Kleine et al., 2012; Markowski et al., 2006; Baker et al., 2005) . Differentiation requires heating above the melting temperature of iron-nickel alloys, and may require melting beyond the silicate solidus as well. First melting of bulk chondritic meteoritic material occurs at the Fe,Ni-FeS eutectic at 950°C (Kullerud, 1963) . Even higher temperatures are probably necessary to facilitate large-scale differentiation (see further discussion in section 2.2).
third potential source, electromagnetic induction heating Herbert et al., 1991) , has received little attention recently, and relies on relatively unconstrained parameters. A better understanding of T Tauri star mass loss has rendered it less plausible as a dominant heat source (Ghosh et al., 2006) and it has not been included in recent thermal models.
Distribution and Effects of Initial Solar System Aluminum-26
Radioactive decay of the aluminum isotope 26 Al into 26 Mg is thought to be the primary heat source for planetesimals in the early history of the solar system. The idea was first postulated by Urey (1955) , who suggested that short-lived radionuclides (SLRs) such as 26 Al could have contributed more energy than the primary modern-day contributors to radiogenic heating, 238 U, 232 Th, and 40 K. Heating of a parent body is significantly affected by the initial isotopic abundance of 26 Al. Much effort has therefore been expended in measuring meteoritic materials in an attempt to determine the distribution of 26 Al in the planetary nebula and in planetesimals.
Most CAIs contained an initial 26 Al/ 27 Al ratio near what has been called the "canonical" value, 5.23 ± 0.13 × 10 -5 (Jacobsen et al., 2008) , derived from bulk CAI measurements in CV chondrites. However, the initial ratio of 26 Al/ 27 Al in 533 Scheinberg A., Fu R. R., Elkins-Tanton L. T., and Weiss B. P. (2015) Asteroid differentiation: Melting and large-scale structure. In Asteroids IV (P. Michel et al., eds.), pp. 533-552. Univ. of Arizona, Tucson, DOI: 10.2458/azu_uapress_9780816532131-ch028. individual CAIs is known to have varied from <2 × 10 -6 to 5 × 10 -5 . For example, CH chondrites, which are among the most primitive identified, had an initial 26 Al/ 27 Al < 5 × 10 -6 (Makide et al., 2009; Sahijpal and Goswami, 1998; Liu et al., 2009; Krot et al., 2008) . comprehensively summarized variations in initial 26 Al concentrations of CAIs between and within chondrite groups. Rather than a homogenous distribution of initial 26 Al at the canonical ratio, meteoritic evidence implies that 26 Al was unevenly distributed through the planetary disk. Primitive materials with very low radiogenic content may have formed before injection of 26 Al into the solar system (e.g., Makide et al., 2009; Liu et al., 2009; Krot et al., 2008) , or they may have formed after 26 Al mostly decayed (Krot et al., 2005; MacPherson et al., 1995) . The isotopic ratio is too high to be explained by solar irradiation (Duprat and Tatischeff, 2007) and thus must have been exogenous to the solar system. The nature of the stellar source of SLRs is still unsettled, although massive star wind is a good candidate (Gounelle and Meynet, 2012) . See further discussion in the chapter by Johansen et al. in this volume. The radiogenic component may have been mixed into the nebula before the formation of a planetary disk, and the planetary disk may have partially homogenized the aluminum composition . Further homogenization of 26 Al distribution may have occurred with radial mixing and accretion, effectively damping the range of compositions from the CAIs samples as they accreted into larger bodies. If this homogenization was not complete, then planetesimals would not be expected to have had identical 26 Al compositions. Instead, the 26 Al content of a given planetesimal would have depended upon both time and radial domain within the planetary disk of its accretion.
The range of 26 Al content within CAIs is large enough to influence whether significant melting will occur. Kunihiro et al. (2004) found that there is insufficient radiogenic aluminum in CO and CV chondrites to cause more than minimal melting even with the help of radiogenic 60 Fe. However, they assumed that these bodies accreted instantaneously after the age of the youngest chondrules (estimated to be ~2-3 m.y. after CAI formation). In contrast, and Weiss and Elkins-Tanton (2013) found that the potentially older age of CV chondrules (the oldest being essentially as old as CAIs) means the CV body could have melted if it started to accrete before the age of the youngest chondrules (i.e., before ~1.5 m.y. after CAI formation).
The canonical 26 Al concentration yields an integrated energy output of around e i = 6.7 × 10 6 J kg -1 (Moskovitz and Gaidos, 2011) . If this energy were converted to heat all at once, it would suffice to raise temperatures by several thousand degrees and completely melt the host material. The energy output is derived by integrating over time the power from radiogenic decay 
where w is heat production for pure 26 Al [W kg -1 ], given by w = lE 0 /m 0 , where l is the decay constant of 26 Al, m 0 is the mass of a single isotope, and E 0 is the energy produced by its decay; (m Al /m) is the bulk elemental mass fraction of Al (approximately the same as solely for the isotope 27 Al); and ( 26 Al/ 27 Al) is the isotopic ratio at CAI formation (t = 0). To obtain the energy output available for heating for accretion times after the time of first formation of solids in the solar system, the initial power is multiplied by e −lt , where t is the time from CAI formation to instantaneous accretion. By definition, half the integrated energy output is produced within the first half-life. Therefore, due to its short half-life [0.71 m.y. (Norris et al., 1983) ], the effect of 26 Al on planetary bodies strongly depends on the timeline of accretion. Radiogenic heating depends on the quantity of material, and therefore is proportional to the radius cubed of a body, while radiative heat loss depends on area, which grows as radius squared. Thus if the bulk of accretion occurred within a million years, the majority of radiogenic heat would have remained in the body; otherwise, it would have readily dissipated.
Given the chondritic abundance of 26 Al shown in Table 1 , 26 Al decay provides sufficiently large amounts of heating that models agree that bodies that accreted to more than ~7-10 km radius before ~1.5 m.y. after the formation of CAIs likely contained sufficient 26 Al to melt internally from radiogenic heating (Hevey and Sanders, 2006; Merk et al., 2002; Sahijpal et al., 2007; Urey, 1955) . A summary of papers modeling the internal heating, melting, and differentiation of planetesimals is given in Table 2 .
Another potentially important radiogenic element is 60 Fe, but it has been difficult to constrain the initial 60 Fe/ 56 Fe ratio because of the isotope's low abundance in CAIs. Until recently, it was estimated at initial 60 Fe/ 56 Fe ~ 1 × 10 -6 (Tachibana et al., 2006; Dauphas et al., 2008; Mishra et al., 2010) . However, recent studies have revised the value downward to ~1 × 10 -8 (Tang and Dauphas, 2012; Chen et al., 2013) . With this reduced value, the integrated energy output from 60 Fe would have been only 1.2 × 10 4 J kg -1 , insignificant in comparison with 26 Al output, although its halflife [2.4 m.y. (Rugel et al., 2009) ] is several times longer.
Aluminum-26 and 60 Fe behave differently in differentiating bodies. Because aluminum is lithophilic, the formation of a core results in an increased concentration of 26 Al in the remainder of a planetesimal. While this does subject the mantle to slightly more heating and higher temperatures than would occur in an undifferentiated body, the concentration of radiogenic heating nearer the surface means that that energy reaches the surface more easily, cooling the planetesimal faster. Moskovitz and Gaidos (2011) also point out that silicate melt could form a crust that would be especially enriched in 26 Al, further enhancing heat flow (see section 2.3 for further discussion). On the other hand, most 60 Fe would proceed to the core and would be the only potentially significant radiogenic heat source of a metal planetesimal shard or stripped core (Moskovitz and Walker, 2011) .
In summary, 26 Al, with its relatively high concentration and short half life, would have been the main driving heat source for melting prior to ~2 m.y. after CAIs (e.g., Merk et al., 2002) , while 60 Fe, with a longer half-life, might have supplied some critical late heating within the core if the first concentration estimates are accurate.
Effects of Accretion Characteristics and Body Size
Accretionary energy is the potential gravitation energy input released by assembling a body from materials initially at infinite distance
where E is accretionary gravitational potential energy [J] , G is the gravitational constant, M(r) is the mass of the planet as a function of radius r, expressed as 4/3pr 3 r [kg] where r is density, and dm can be expressed as 4pr 2 rdr. This integration yields E = 16/15p 2 r 2 GR 5 . For a planetesimal with a 10-km radius, total accretionary gravitational potential energy E is ~10 17 J, and for a 300-km-radius body, ~10 25 J (in comparison, for Earth E is ~2 × 10 32 J; for Mars, ~5 × 10 30 J; and for Mercury, ~2 × 10 30 J).
The addition of energy can be roughly translated to temperature increase using the expression DT = E/MC P , where C P , the heat capacity, is ~800 J kg -1 K -1 for silicates (Fabrichnaya, 1999) and is only slightly higher for metallic core material (Bartels and Grove, 1991) . The hypothetical Rugel et al. (2009) * Derived given w = lE/m, where w is heat production from decay, l is the decay constant, m is the mass of a single isotope, and E is the energy produced by its decay.
TABLE 2. Chronological summary of selected published asteroid thermal evolution models. (1955) First feasibility calculation of 26 Al as an asteroid heat source Grimm (1985) Model of asteroid metamorphism with fragmentation and reassembly Grimm and McSween (1989) 26 Al heating model of ice-bearing planetesimals, to account for aqueous alteration in CC Haack et al. (1990) Thermal model of a differentiated asteroid based on decay of long-lived radionuclides Miyamoto (1991) 26 Al heating model to account for aqueous alteration in CC asteroids Grimm and McSween (1993) Explanation of inferred thermal stratification of the asteroid belt based on heliocentric accretion and 26 Al heating Bennett and McSween (1996) Updated 26 Al heating model for OC asteroids, using revised chronology and thermophysical properties Akridge et al. (1998) Model for 26 Al heating of OC asteroid [(6) Hebe] with a megaregolith Ghosh and McSween (1998) 26 Al heating model of HED parent body (4) Vesta Wilson et al. (1999) Overpressure and explosion resulting from heating CC asteroids Young et al. (1999) 26 Al heating model of CC asteroids with fluid flow, to explain O-isotopic fractionations Wilson and Keil (2000) Thermal effects of magma migration in (4) Vesta Ghosh et al. (2001) Effect of incremental accretion on inferred thermal distribution of asteroids in the main belt Merk et al. (2002) Effect of incremental accretion on internal melting Hevey and Sanders (2006) Incorporate silicate melt convection for 64-km body Sahijpal et al. (2007) Included 60 Fe heating and partitioning during differentiation Davison et al. (2010) Heating due to impacts of porous planetesimals Moskovitz and Gaidos (2011) Included removal of 26 Al in interior due to melt migration Šrámek et al. (2012) Compaction and differentiation in bodies ³500 km with radius-dependent accretion rates Neumann et al. (2012) Compaction and differentiation in initially porous bodies ³120 km Henke et al. (2012) Sintering in initially porous planetesimals Golabek et al. (2014) Three-dimensional finite-element model including parameterized melt convection for the acapulcoite-lodranite parent body Extended from McSween et al. (2002) .
Reference Model
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10-km-radius planetesimal would have been heated only a fraction of a degree if all accretionary energy were instantaneously applied homogenously to the whole body, and the hypothetical body with 300-km radius would have been heated by only 10° to 20°C. Due to radiogenic heating, these early accreting bodies would have melted from the interior outward, resulting in an interior magma ocean under a solid, conductive, undifferentiated shell (Ghosh and McSween, 1998; Hevey and Sanders, 2006; McCoy et al., 2006; Merk et al., 2002; Sahijpal et al., 2007; Schölling and Breuer, 2009) . The size of the body therefore strongly impacted thermal evolution, since heat was being produced in the bulk interior and being radiated from the surface. Other critical controlling parameters are the rate of accretion, the initial 26 Al ratio, the initial Al bulk composition, the material density and composition (which control both radiogenic content and heat transfer), and the rate of accretion.
The rate and timing of accretion are highly dependent on the assumed model of planetesimal accretion. In one scenario, sticking collisions between solid particles in the nebula may lead to steady incremental growth of the first planetesimals (Windmark et al., 2012) . Alternatively, centimeter-to metersized objects may be concentrated by streaming instabilities or by turbulent eddies into 10-to >100-km-sized solid bodies on timescales of just tens to hundreds of years in the asteroid belt region (Cuzzi et al., 2008; Johansen et al., 2007; Morbidelli et al., 2009) . For many bodies, this early collapse phase may have been followed by a subsequent period of incremental growth. Turbulent concentration is an inefficient process, owing to disruption of clumps by rotational breakup and ram pressure from the surrounding gas, such that bodies were likely produced sporadically over millions of years (Chambers, 2010) . Each body would have collapsed quickly, but may have had further coatings added to their surfaces over the tail of accretion as the disk cleared out.
Despite this complexity, most models consider instantaneous accretion over a range of times starting with the age of CAIs. Recent numerical modeling incorporating the effects of prolonged accretion suggests that molten planetesimals can build up substantial (kilometers to tens of kilometers thick) crusts if they accrete to radii of at least a few tens of kilometers by 1.5 m.y. after CAI formation and continue to accrete over a minimum period of perhaps one to several million years (Sahijpal and Gupta, 2011; Šrámek et al., 2012; Neumann et al., 2012; Weiss and Elkins-Tanton, 2013 ).
Impact-Induced Metamorphism and Melting
Aside from their bulk contribution of accretionary energy, impacts also played a more direct role in metamorphism and melting on planetesimals, although current consensus assigns an uncertain but likely volumetrically minor effect Šrámek et al., 2012) .
The abundance of metamorphosed ordinary chondrites suggests global-scale metamorphism (e.g., Wood, 1962; Van Schmus and Wood, 1967; Dodd, 1969) . Wasson et al. (1987) , Cameron et al. (1990), and Rubin (1995) argued for impact-induced heating as the most likely heat source. disfavored this hypothesis after determining, based on laboratory shock wave and cratering experiments and numerical models, that the cumulative global temperature increase due to impacts would be at most a few tens of degrees. However, Rubin and Jones (2003) and Rubin (2004) presented further evidence of impact heating in meteorites and argued for a major effect of porosity, which although mentioned, was not accounted for in numerical heating models. Most asteroids are believed to have porosities near 30%, although estimates for some range up to 70% (Britt et al., 2002) ; this would have been even higher in the early solar system before compaction processes (impacts included). Davison et al. (2010) accounted for porosity and found that collision of highly porous bodies could in some cases result in nearly global melting. However, they conclude that the cumulative effects of nondisruptive impacts for a typical planetesimal would be minor, with no more than 3% heated by more than 100°C. A final disruptive impact, on the other hand, would melt one-tenth of the parent body. Ciesla et al. (2013) numerically modeled impacts on porous bodies that were already being heated by 26 Al. They concluded that while local heating and metamorphism would occur near the site of the impact, impacts would actually accelerate global cooling of the planetesimal in two ways. First, hot material (primarily heated by 26 Al) from deep in the body would be drawn up toward the surface by the impact, leading to a faster cooling rate for this hot material and thus a larger net heat flow rate out of the body. Second, newly compacted material would have a higher thermal conductivity, further enabling heat flow from the body.
Evidence of shock events in meteorites (e.g., Scott et al., 1992; Sharp and de Carli, 2006) probably records impact events in the early solar system. However, the contribution of impacts to metamorphism and melting was probably low on a global scale. Subcatastrophic impacts may have even reduced the likelihood of melting by allowing internally heated material to cool more quickly.
PLANETESIMAL DIFFERENTIATION PROCESSES DURING HEATING
Based on our current knowledge of their physics and chemistry, planetesimals may have a range of internal structures and material states following peak heating, including an unmelted onion-skin structure, a partially differentiated body with some magma within and a primitive crust, a partially differentiated body with magma that erupted and flooded a primitive crust, and a body that melted entirely (Fig. 1) .
Internal radiogenic heating coupled with radiation from the planetary surface means that a planetesimal would initially form an "onion shell" structure, with the highest temperatures reached in its center, surrounded by concentric zones of materials exposed to progressively lower peak temperatures (see McSween et al., 2002 , and references therein).
Such a body, should it never reach a melting temperature, is considered primitive, but still could be highly altered from its original, unheated material. Its interior may be variably heated and metasomatized by mobile fluids, and these fluids may be unevenly redistributed within the body, or lost to space, or both. Furthermore, the bulk density of the body may change due to sintering and fluid migration.
Should the interior be heated to the point of melting, a further spectrum of potential planetesimal structures is possible. As temperature rises in a young planetesimal interior, the silicates will pass through the stability zones for several possible hydrated silicate minerals, but then a free hydrous fluid will be released. The first melting to occur will be eutectic melting of iron-nickel sulfide. This metal liquid may or may not be able to migrate downward and form a core without silicate melting.
If accretion is rapid and aluminum remains in the matrix [i.e., it is not all pulled away through buoyant melt migration, as in Moskovitz and Gaidos (2011) ], then the planetesimal may be rapidly and completely melted and differentiated (e.g., Hevey and Sanders, 2006) . Vesta itself may be such a body.
Other planetesimals may only undergo partial differentiation. In this scenario, the body differentiates internally into a primarily metallic core and a bulk silicate mantle. A chondritic lid would either be retained from original material that never melted, or accreted onto the surface during and after the primary melting phase. Models indicate that in some cases this chondritic lid would be flooded with magma from the interior, while in other cases it would be remain at the surface (Fu and Elkins-Tanton, 2014; Wilson and Keil, 2012) . In either case, a partially differentiated planetesimal would be differentiated internally but retain chondritic material at or near the surface. Multiple meteorite types could therefore be sourced from the same parent body Weiss and Elkins-Tanton, 2013; Golabek et al., 2014) .
In the next three sections, we consider the behavior of volatile, metal, and silicate material, respectively, as they successively melt during the progressive heating of a planetesimal.
Flow and Escape of Volatile Compounds
For planetesimals accreting with a water ice component, progressive internal heating due to radiogenic decay results in ice melting once temperature surpasses approximately 0°C (Fig. 2 ). In such a scenario, the formation of liquid water may lead to mineralogical changes that are reflected in the observed elemental, isotopic, and modal compositions of meteorites and asteroids. Flow of interstitial water, if it occurred, may have also resulted in the transport of labile elements, altering the local bulk composition in affected regions of the planetesimal. Finally, the presence of water and other volatiles during the melting of the metallic and silicate components of the planetesimal may alter the migration patterns of the resulting melt.
Meteoritic observations indicate that most chondritic parent bodies indeed accreted with significant quantities of water (Brearley, 2006) . Carbonaceous chondrites include abundant hydrated minerals in addition to free water. The total mass fraction of H 2 O measured in highly altered CM and CI chondrites ranges between 0.09 and 0.17 (Jarosewich, 1990) . Ordinary chondrites typically display lower H 2 O abundances of <0.02. However, metamorphism above 200°-300°C leads to the dehydration of silicate phases and removal of H 2 O in chondritic material (Akai, 1992; Meunow et al., 1995) . The high metamorphic grade of most ordinary chondrites, coupled with observations that mildly metamorphosed ordinary chondrites contain hydrated phases (Alexander et al., 1989; Hutchison et al., 1987) , suggests that ordinary chondrite parent bodies accreted with significantly higher water content than presently observed, likely greater than 0.02 mass fraction. Metamorphism may also be responsible for the low water contents of dry carbonaceous chondrites. In a wellstudied case, the Allende CV chondrite contains no water at the present time while displaying mineral assemblages that strongly imply the past presence of hydrated minerals during a period of fluid-assisted metamorphism (Brearley and Krot, 2012; Krot et al., 1997 Krot et al., , 1998 . Spectroscopic observations of main-belt asteroids confirm the prevalence of hydrated mineralogies (Jones et al., 1990; Rivkin et al., 2002) .
The hydration of originally anhydrous phases in chondritic planetesimals commenced shortly after internal heating led to the formation of liquid water. The oxygen and carbon isotopic composition of material from several CM chondrites shows that aqueous alteration occurred between 0° and 70°C (Clayton and Mayeda, 1984; Guo and Eiler, 2007; Lerner, 1995) . Meanwhile, altered minerals in CR and CI chondrites likely formed in conditions of <130°C and 50°-150°C, respectively (Lee et al., 1992; Zolensky et al., 1989) . Continued heating leads to the decomposition of alteration phases between 200° and 900°C (Akai, 1992; Meunow et al., 1992 Meunow et al., , 1995 . Even in the largest, Vesta-sized planetesimals, pressures in the deep interior are unable to stabilize hydrated minerals above ~950°C (Niida and Green, 1999) . Therefore, progressive interior heating of differentiating planetesimals implies both a hydration and a dehydration phase -free water becomes bonded to secondary, hydrous silicates in the 0°-200°C range and are released again as a free fluid between 200° and 900°C.
The presence of free fluids inside internally heated planetesimals over a wide range of temperatures permits the redistribution of labile elements during fluid flow. For differentiating bodies undergoing progressive heating due to 26 Al, the rapid rise in temperature implies that free fluids in most of the interior persist for a timescale of only 0.1-1 m.y. before the onset of metallic and silicate melting (Fu and Elkins-Tanton, 2014) . The length scale of elemental redistribution during this time period depends on the velocity of fluid advection.
Fluid flow velocities in planetesimals may be modeled by balancing driving forces arising from gravitational and thermal sources with resistive forces arising from the low permeability of chondritic material. The density of liquid and supercritical water at the relevant pressures ranges between 900 kg m -3 at 200°C and only 4.5 kg m -3 at 900°C (Smits et al., 1994) . The large difference between these densities and those of the surrounding chondrite matrix [2100-3700 kg m -3 (Britt and Consolmagno, 2003) ] is one potentially significant driving force, especially after heating above the 374°C critical point of water. The velocity (v D ) of such density-induced Darcy flow is given by (Bear, 1972 )
where k is the rock permeability, g is the gravitational acceleration, Dr is the difference in density between the fluid and rock, h is the dynamic viscosity, and f is the dimensionless volumetric porosity. For a permeability of 10 -15 m 2 corresponding to permeable carbonaceous and ordinary chondrites [see discussion below and Corrigan et al. (1997) and Sugiura et al. (1984) ], a dynamic viscosity of 5 × 10 -5 Pa s (Sengers and Kamgar-Parsi, 1984) , and a dimensionless porosity of 0.1, fluid is expected to migrate at rates of ~1 m yr -1 (Fu and Elkins-Tanton, 2014) , implying that whole-body fluid flow can occur within the time span of radiogenic heating. Assuming a body radius on the order of 100 km, permeabilities as low as 10 -16 m 2 would permit the migration of fluids from the deep interior to the surface on 1-m.y. timescales. Migration driven by this mechanism is expected to result in a single pass of fluids from the deep interior to the surface, which has been termed exhalation flow. The buoyant fluid may freeze in any conductive lid, after metasomatizing some regions, or it may be lost to space (Young et al., 2003) . In contrast, multiple pass flow of pore fluid due to thermal convection may result from the large vertical temperature gradient in early forming planetesimals. After deriving the convective stability criterion for fluids in an internally heated, radially symmetric body with an equilibrium conductive temperature gradient, Young et al. (2003) concluded that, assuming permeabilities of 10 -13 m 2 (Grimm and McSween, 1989) , fluids in bodies larger than 120 km diameter would undergo convection.
A major uncertainty in the above fluid transport models is the permeability of chondritic material. Direct measurements on unfractured chondrites have yielded a wide range of permeabilities between 10 -15 and <10 -21 m 2 , with most measured carbonaceous and ordinary chondrites falling in a range between 0.01 and 2 × 10 -15 (Corrigan et al., 1997; Sugiura et al., 1984) . The extreme value of <10 -21 m 2 was obtained from an enstatite chondrite, suggesting that systematic variations in permeability exist between chondrite groups. Models and arguments based on terrestrial analogs have estimated chondritic permeabilities between 10 -11 m 2 (Grimm and McSween, 1989) and 10 -19 m 2 (Bland et al., 2009) . These estimates represent lower bounds on the permeability of bulk material, as fractures may increase the effective permeability by 2 to 9 orders of magnitude (Brace, 1980; Trimmer et al., 1980) . Furthermore, increasing the relevant length scale from hand sample to kilometers may augment permeability by another factor of 10 3 (Clauser, 1992) . Observations of chondrite samples reveal a high degree of fracturing and brecciation while the production of gas and supercritical fluids can overcome the tensile strength of chondritic material and lead to fracturing in the deep interior (Fig. 2) (Grimm and McSween, 1989; Young et al., 2003) . Fractures therefore likely had a significant effect on the permeability of strongly heated planetesimals. Integrating these constraints, for fractured carbonaceous and ordinary chondrite material at the global scale, most permeabilities were likely greater than 10 -14 m 2 , while enstatite chondrite materials may have had permeabilities <10 -16 m 2 , depending on the effect of fractures. The permeabilities for carbonaceous and ordinary chondrites were likely sufficient to permit the planetesimal-scale ascent of fluids (Fu and Elkins-Tanton, 2014) . In contrast, in the case of parent bodies with low permeabilities of <10 -16 m 2 , fluid-facilitated elemental redistribution may have occurred on only the <100-µm scale (Bland et al., 2009) .
The large observed spread in oxygen isotopic composition in the altered components of carbonaceous chondrites provide meteoritic evidence in favor of large-scale fluid migration (Young, 2001; Young et al., 1999) . The expected heterogeneity in a small volume of water trapped in pore space appears insufficient to explain the isotopic variation, while open-system fluid flow down a temperature gradient is capable of reproducing the measured oxygen isotopes. On the other hand, the essentially solar abundance of elements in CI chondrites (Lodders, 2003) and the depletions of volatile elements in other chondrites (Kallemeyn and Wasson, 1981) have been cited as evidence against open-system behavior of planetesimal fluids (Bland et al., 2009 ). However, because most volatile elements are also the most labile, the depletion patterns in carbonaceous chondrites have also been interpreted to be a consequence of open-system fluid flow (Matza and Lipschutz, 1977; Young et al., 2003) .
To summarize, abundant meteoritic and spectroscopic evidence shows that early forming planetesimals accreted with a significant budget of H 2 O and other volatiles. Progressive heating of differentiating planetesimals above ~200°C generated free fluids in the liquid, gas, and supercritical phases. For probable values of permeability in fractured carbonaceous and ordinary chondrite parent bodies, heated fluids were likely able to participate in single-pass exhalation flow and multiple-pass thermal convection in regions with a high temperature gradient. Depending on the degree of fracturing, enstatite chondrite parent bodies may have insufficient permeability to permit large-scale fluid flow.
Metal Fluid Flow and Core Formation
In order to form a core, the dense melted metal must be able to drain to the body's center and displace the lighter silicate material present there. Although melting of coreforming material likely began when temperatures reached the Fe,Ni-FeS eutectic at 950°C (Kullerud, 1963) , the coreformation process was complicated by the necessity of pore connectivity, slow adjustment of the silicate matrix, and the presence of volatiles.
The threshold for connectivity of molten Fe-S in an olivine matrix has been estimated as low as 3-6% melt (Yoshino et al., 2003 (Yoshino et al., , 2004 but as high as 17.5% (Bagdassarov et al., 2009 ). An even smaller percent melt is needed when the dihedral angle between the molten metal and solid silicate is less than a critical value of 60°. Terasaki et al. (2008) found dihedral angles below 60° for pressures of 2-3 GPa, depending on the liquid's oxygen content. The volume fraction of metal in primitive chondrites typically varies from a few percent to <20% (Scott et al., 1996a) , while Earth's metal core is about 15% of its volume. Silicate melting was thus probably unnecessary to reach the connectivity threshold for most planetesimals.
Additionally, the silicate material must have a sufficiently low viscosity that it can be deformed and displaced. If this process is inefficient, then significant differentiation could occur only after partial or complete melting of the silicate, which would occur between the solidus and liquidus temperatures, around 1100°C and 1500°C respectively for planetary silicates (McKenzie and Bickle, 1988; Agee, 1997 ). An experimental study by McCoy et al. (1999) concluded that significant (~50%) silicate melting, reached at ~1450°C, is necessary to initiate migration of metallic melt in an enstatite chondrite.
However, Šrámek et al. (2012) noted that percolation through a solid silicate matrix would proceed on a timescale inversely proportional to length scale and thus would not be observable in a laboratory setting, where length scale is on the order of 1 cm rather than 100 km. The timescale is also inversely proportional to gravity, which scales with radius in a homogenous body. The larger the body, the more quickly this process could occur. This would only be one factor that makes a larger body differentiate faster; more directly, a larger body would reach higher interior temperatures and thus partially melt more readily.
Finally, as discussed in the previous section, volatile elements were likely still present at this stage of heating either as free fluids or as hydrous silicate phases (Fu and ElkinsTanton, 2014) . The resulting oxygen fugacity may result in oxidized iron, which could then only be reduced to a metal and flow to form a core after further heating and removal of oxidizing agents through fluid migration. Thus the presence of volatiles may delay metal melting and lead to an overall reduction in melt available for core formation.
Ghosh and McSween (1998) modeled differentiation of the asteroid (4) Vesta (mean radius 263 km) and determined core formation was not possible if accretion (assumed instantaneous) occurred later than 3 m.y. after CAI formation, and that core formation would occur effectively instantaneously at around 4.6 m.y. Šrámek et al. (2012) modeled the liquid percolation and silicate compaction process for a body heated by 26 Al decay and impacts and assumed accretion occurred gradually rather than instantaneously. They considered a multi-phase model tracking metal and silicate material in both solid and liquid form and found that partial melting of silicate is necessary for compaction of the remaining silicate to occur on the planetesimal timescale. They conclude that due to the similar timescales of accretion and radiogenic heating, diverse outcomes are possible depending on size and accretion rate.
Bodies with radii of 500-1000 km, if accreted steadily over the first 3 m.y. of solar system history, could have retained enough heat to segregate about half of its metal component, although only half of that (about a quarter of the total metal content) would have formed a core. On the other hand, accretion within 1 m.y. of a 1500-km body would have easily produced a large core. Even a body of this size would not have been able to form a core if accretion were extended over 5 m.y. (about seven 26 Al half-lives). Neumann et al. (2012) considered differentiation of planetesimals with radii smaller than 120 km. Their model included heat loss due to transport toward the surface by silicate melt and found this process would diminish planetesimal heating by tens to 100 K. They found that the core-formation process would have lasted for 2-10 m.y., but that core formation would only be likely if the bulk of accretion occurred within 3.5 m.y. of CAI formation. Porosity played a large role, with the maximum reachable temperature much higher for porous bodies than for comparable consolidated ones. This was especially true for small bodies.
Another scenario for core formation involves the accretion of already differentiated iron-nickel. This would occur when a separate differentiated body or a fragment of one impacted the planetesimal. In this case, the metal could descend as a diapir due to its gravitational instability (e.g., Stevenson, 1981; King and Olson, 2011) . Of course, this can only occur if diffusion through silicate melting or metal melt percolation, as described as above, occurred to differentiate the earlier body. Since the magnitude of the gravitational instability is proportional to gravity and thus radius, it is more likely to occur on larger, planet-sized bodies than on small, early bodies.
Silicate Transport Effects on Core Formation
An important recent direction in planetesimal modeling involves the role of silicate melt transport in the time evolution of a planetesimal's thermal profile. As the silicate portion begins to melt, this melt may rise buoyantly and depart its source region. Moskovitz and Gaidos (2011) argue that because aluminum is preferentially partitioned into the melt phase, the melting source will immediately be depleted in the 26 Al heat source, and melting will cease. The rising, ponding melt, however, will heat up even more vigorously due to its concentrated aluminum content. Migration and concentration of 26 Al into a crust results in remelting of that crust for accretion times less than 2 m.y. and for bodies >100 km in size.
They also find that subsequent heating from the decay of 60 Fe generates melt fractions in excess of 50%, thus completing differentiation for bodies that accreted within 2 m.y. of CAI formation. However, as discussed in section 1.1, these results are based on the larger 60 Fe abundance estimates available in the literature at that time but later revised downward by nearly 2 orders of magnitude: This component of heating is probably overestimated.
The Moskovitz and Gaidos (2011) result differs slightly from one-dimensional models, in that they find differentiation would be most likely for planetesimals with radii larger than 10 km that accreted within approximately 2.7 m.y. of CAI formation; the inclusion of 60 Fe lengthens the possible time of differentiation from its former ~1.7-2 m.y. after CAIs (Hevey and Sanders, 2006; ). Neumann et al. (2014 pursued a similar scheme in which 26 Al is partitioned heavily into the melt phase. In a model for Vesta, a magma ocean 1 km to a few tens of kilometers in thickness forms in the near subsurface, as long as accretion occurred before 1.5 m.y. after CAIs. The magma ocean lasts 10,000-1,000,000 yr, and a basaltic crust is extruded onto the surface. Core formation is complete within ~0.3 m.y., and silicate melt is present in the mantle for up to 150 m.y.
Both aluminum sequestration, as investigated by Moskovitz and Gaidos (2011) and Neumann et al. (2014) , and the formation of an early basaltic crust rely on relatively efficient melt migration within these small bodies. Moskovitz and Gaidos (2011) point out that melt-migration rates are independent of planetesimal size, since the lower gravity of smaller planetesimals is offset by the shorter distances the melt needs to migrate. Migration on any planetesimal, however, requires that the melt be buoyant with respect to its country rock. In the following section we discuss the buoyancy of melt in putative parent bodies.
Silicate Melting and Magma Migration
As temperatures continue to climb after the first eutectic melting of Fe,Ni-FeS-rich fluids at 950°C, the first silicate melts appear at 1050°-1150°C while complete melting occurs by 1500°C (Agee, 1997; Agee et al., 1995; McCoy et al., 2006) . The potential upward migration of these silicate melts may strongly influence the observable surface composition of the body, the style and rate of heat loss (Neumann et al., 2012) , the distribution of heat-producing isotopes (Moskovitz and Gaidos, 2011; Neumann et al., 2014) , the loss of silicate material to space, and the preservation of the primitive chondritic crust.
The direction and rate of silicate melt migration depends on the buoyancy of the magma relative to the overlying unmolten chondritic lid. The abundance of volatiles is an important control on buoyancy as their presence during silicate melting may lead to exsolution, which would dramatically lower the bulk density of the resulting magma. As discussed in section 2.1, high-temperature fluids on both carbonaceous and ordinary chondrite parent bodies were likely able to ascend efficiently from the deep interior before the onset of silicate melting.
In addition to water, other volatiles, principally CO, CO 2 , N 2 , and Cl, may have been present in sufficient quantities in chondritic protoliths to potentially affect the density of silicate melts. However, among these volatiles, only CO and Cl are retained in the protolith up to ~1250°C, which is the temperature necessary for efficient silicate melt migration (McCoy et al., 1997; Meunow et al., 1992 Meunow et al., , 1995 . Carbon monoxide is likely present in insufficient quantities (<100 ppm) during silicate melt migration to affect melt densities, except in cases where it is produced by the C-FeO smelting reaction (McCoy et al., 1997; Wilson et al., 2008) .
Meanwhile, the residual Cl content of chondrites at 1250°C is likely soluble in silicate magmas at low pressures and would therefore not strongly decrease the magma density via exsolution (Fu and Elkins-Tanton, 2014; Webster, 1997) .
Volatile-depleted (dry) melts of ordinary chondrites have model densities similar to those of an overlying fractured lid built from ordinary chondrites. Dry partial melts of carbonaceous and enstatite chondrites are likely denser and lighter, respectively, than a fractured lid with the corresponding composition (Fig. 3) (Fu and Elkins-Tanton, 2014; Jurewicz et al., 1993 Jurewicz et al., , 1995 McCoy et al., 1999) . For parent bodies of CV chondrite composition, which are relevant to the paleomagnetic constraints discussed later in section 4.2, an unsintered, fractured crust would have a density between ~2600 and 2900 kg m −3 , whereas the density of molten CV chondrite over a range of temperatures and pressures is between ~2800 and 2900 kg m −3 . Therefore, if melts remain volatile poor, silicate magma produced at depth in planetesimals with carbonaceous chondrite compositions are expected to remain in the interior while similar melts on enstatite chondrite parent bodies likely ascend to the surface. Ordinary chondrite parent bodies represent an intermediate case where the fate of silicate magmas depends on the macroporosity of the overlying lid.
Some chondritic parent bodies may retain sufficient volatiles to result in exsolution-driven melt ascent. In the case of enstatite chondrite parent bodies, low bulk permeability may lead to the retention of H 2 O at depth (see section 2.1). Likewise, carbonaceous and ordinary chondrite parent bodies with low intrinsic permeability, low degree of fracturing, or high initial volatile contents may have generated sufficiently volatile-rich melts to undergo buoyant ascent.
In such scenarios, magmas forming inside planetesimals may be expected to erupt with force, driven by expanding volatiles (Muenow et al., 1992 (Muenow et al., , 1995 Wilson and Keil, 2012) . Melt extraction from the partially molten interior likely occurred in two stages (Wilson et al., 2008; Wilson and Keil, 2012) . First, magma would have ascended in dikes, but flow rates were likely insufficient to sustain continuous eruption from the melting region directly to the surface. This was especially the case for parent bodies smaller than ~400 km in diameter. The ascending melt therefore collected in sills within the chondritic lid. Second, the melt in these magma chambers, especially if it was volatile rich, would have explosively erupted onto the surface, propelling silicate fragments up to 1 m in size beyond the escape velocity of small (<100-km-diameter) asteroids (Wilson and Keil, 1991; Wilson et al., 2010) . On larger bodies with stronger gravity, most erupting melt may have been retained on the surface in melt ponds that, with sufficient accumulation, led to the subsidence and destruction of the primitive chondritic lid Keil, 1997, 2012) . Ghosh and McSween (1998) describe an end-member model for Vesta in which all melt from the interior erupts onto the surface and another end-member model in which no melt extrudes; their efforts demonstrate the difficulty of arguing completely for one or another eruptive scenario.
In summary, the potential of silicate melts to ascend from the melting region depends critically on the persistence of volatiles at supersolidus temperatures and on the parent body's bulk composition. Volatile-rich melts, which may have formed on bodies with very low fluid permeabilities such as enstatite chondrite parent bodies, are expected to rise efficiently to the surface, potentially resulting in the inundation of the chondritic lid and ejection of mass from the parent body. The discovery of possible pyroclasts of aubritic composition such as Larkman Nunatak (LAR) 04316, which may be sourced from an enstatite-chondrite-like protolith, supports the hypothesis that enstatite chondrite parent bodies retained sufficient volatiles to drive magma ascent (Keil, 2010; Keil et al., 2011) . For differentiated planetesimals with carbonaceous and ordinary chondrite compositions, efficient release and upward transport of volatiles before the onset of silicate melt migration likely resulted in negatively buoyant melts that permitted the preservation of the primitive chondritic lid on these bodies.
COOLING AND SOLIDIFICATION OF PLANETESIMALS
Solidification of a Partially Molten Silicate Mantle
The physical process of magma solidification influences the range of both composition and texture that will occur in the mantle and possible crust of a planetesimal. The compositional process of solidification can be viewed as having two end members: fractional solidification and batch solidification (e.g., Solomatov, 2000) . For fractional solidification to occur, mineral grains must settle from flow and be effectively removed from communication with the remaining magma ocean liquids. The residual liquid composition thus evolves with the progressive removal of solidified material. In batch solidification, liquid contact and equilibrium are maintained throughout solidification. A fractional solidification model of a magma ocean therefore predicts mineral assemblages, cumulate bulk composition, and cumulate trace-element compositions that are completely different from those occurring in equilibrium solidification.
Due to their relatively small masses, planetesimals have internal pressures so low that, once melted, the bottom of a planetesimal's magma ocean has effectively the same pressure as the top. The high-pressure gradient in planets the size of Earth likely encourages fractional solidification as cool downwellings from the surface develop crystallinity with depth and deposit crystals at the bottom boundary. Without significant pressure or gravity, magma oceans on planetesimals may not fractionally solidify. Over the ~0.5-kbar mantle pressure range of a planetesimal ~200 km in radius, the solidus will change by only about 10°C, and the adiabat by only ~2°C. As it cools, therefore, the entire depth of the magma ocean will contain some crystal fraction. The magma ocean will have a high effective viscosity, perhaps in the range of hundreds to thousands of Pascal seconds. Combined with the high heat flux of a small body cooling without an atmosphere, mineral grains would have to be large, perhaps several to 10 cm, to settle from the magma ocean. Thus, in the time before crystallinity rises, only the earliest-forming crystals will settle (Suckale et al., 2012) . Given almost any of the candidates for bulk-chondritic silicate compositions and the low pressures in planetesimals, olivine alone would be the first material to crystallize. The rest of the planetesimal's mantle will solidify in bulk and never produce an olivine cumulate. This may be why we have no such samples in our collections.
Despite the lack of meteoritic olivine cumulate samples, olivine is by far the predominant silicate represented in the stony-iron meteorite group known as pallasites. Apart from olivine and metal, main-group pallasites contain <1 vol.% each of chromite, pyroxene, and phosphates (Buseck, 1977; Ulff-Møller et al., 1998) . Pallasites are usually thought to be samples of a core-mantle boundary (e.g., Mittlefehldt et al., 1998; Benedix et al., 2014) , although argue instead that pallasites are the result of an impact that injected iron from the impactor's core into a planetesimal mantle. Assuming they are samples of a core-mantle boundary, the simplicity of the mineral assemblages in pallasites and iron meteorites strongly supports successful crystal settling of olivine alone at the beginning of magma ocean solidification in an internally differentiated planetesimal. Later solidification would occur in bulk, and thus planetesimal magma oceans will not produce olivine + pyroxene cumulate, as predicted for the Moon, but would produce melt extraction from mushes consistent with observations from Vesta.
The slowness of magma movement and the inefficiency of mixing on planetesimals not only makes the formation of olivine cumulates unlikely, it predicts that planetesimals' mantles and crusts may well be inhomogeneous. The accreting material is not likely to be compositionally homogeneous, and it may not efficiently melt and mix. This prediction is supported by the findings of Kleine et al. (2012) , who find that four texturally and temporally resolved groups of angrites can be identified that were derived from at least two distinct mantle sources. These mantle sources are the result of separate events of core formation, both of which took place within ~2 m.y. of CAI formation. Thus, core formation in the angrite parent body did not occur as a single event of metal segregation from a global magma ocean, but rather took place under varying conditions by several more local events. The disparate Hf-W systematics of the two distinct angrite source regions indicate that convection in the magma ocean was inefficient in homogenizing the composition of the mantle, possibly as a result of a continuous bombardment with small planetesimals during ongoing core formation. Furthermore, they find that mantle differentiation occurred at ~3.6 m.y. after CAI formation, in line with cooling models following early 26 Al melting in the parent body.
In summary, the taxonomy of possible internal structures is not limited to the processes of melting. Mantle heterogeneities caused by a small extent of olivine settling followed by batch solidification, as well as complications from melt percolation and mixing caused by continued accretion, probably also influenced planetesimal structure. The surface of the body may experience ongoing accretion of primitive material while the partially or wholly molten interior continues to cool and differentiate. Finally, later impacts may partially strip the body and then allow blocks of material to fall back onto the surface, or may even break the body into pieces and produce a rubble pile.
Solidification of a Planetesimal Core
Metallic cores would have initially been entirely molten. The temperature at which core crystallization began depends on its composition, in particular, its sulfur content. The liquidus in an Fe-FeS system decreases from 1538°C for pure Fe to 988°C at its eutectic composition (~31 wt.% S), at which point FeS begins to crystallize as well (Kullerud and Yoder, 1959) . In some parent cores, sulfur content as high as 17 wt. % has been inferred (Chabot, 2004) . Iron sulfide is far less abundant in the meteorite collection than predicted by models, although this may be explained by the mineral's low strength (Kracher and Wasson, 1982; Chabot and Drake, 2000) .
Although batch solidification might be expected given the shallow pressure gradient and low gravity, concentration trends of various minor and trace elements (e.g., Ni, Au, Ga, Ge, O, P, Ir) in iron meteorite groups demonstrate that their initially molten parent cores underwent fractional crystallization. However, scatter in these element trends indicate that at some point the assumption of a well-mixed liquid broke down Scott, 1992, 1993; Pernicka and Wasson, 1987; Scott et al., 1996b; Wasson, 1999; Wasson and Richardson, 2001; Benedix et al., 2014) .
On large planets, high-pressure gradients result in the adiabatic gradient intersecting the solidus at the body's center, causing solidification to first occur at the body's center and produce a solid, growing inner core. For pressures lower than ~4 GPa, the core-mantle boundary would be the first location to reach the liquidus during cooling (Williams, 2009 ). However, due to the low-pressure gradient in a planetesimal, both the adiabatic gradient and the pressure-induced solidus change in a well-mixed core were very small, with perhaps a ~1°C increase from the core-mantle boundary to the center for an asteroid with a 100-km radius. Because this variation in liquidus is so small, particularly compared to sulfur effects, it is difficult to predict how solidification would have proceeded. Chabot and Haack (2006) and Goldstein et al. (2009) provide recent reviews of the scenarios and supporting evidence.
Four possible core solidification scenarios are (1) outward concentric crystallization (similar to Earth), (2) inward concentric crystallization, (3) inward dendritic growth, and (4) cumulate solid inner-core formation (Fig. 4) . None of these scenarios can be decisively confirmed or rejected on the basis of current observation and evidence.
Sulfur is almost fully excluded from crystallizing iron (Willis and Goldstein, 1982) . Since increasing sulfur content lowers the melting temperature, a solidification front is inhibited as local sulfur content becomes too high to efficiently diffuse. This likely results in dendritic growth inward from the core-mantle boundary as cooling and solidification continue (Haack and Scott, 1992) . Although kilometer-sized dendrites have been proposed (Narayan and Goldstein, 1982) , the dendrites could be gravitationally unstable and descend to form a cumulate inner core. On the other hand, if sulfur accumulates near the core-mantle boundary due to its low density and effectively inhibits crystal growth there, solidification would then occur throughout the core in the form of iron snow. While this has not been discussed in a planetesimal context, iron snow has recently been discussed in the context of the small lunar (e.g., Laneuville et al., 2014) and Ganymede (e.g., Christensen, 2015) cores.
These different core scenarios would result in different configurations in modern-day asteroid cores (Fig. 4 ). An inward-crystallizing concentric solidification front would have the bulk of its late-stage solids (e.g., troilite), which would have formed upon eventually reaching a eutectic Fe-S composition, sequestered in the body's inner core. A dendritic inward-crystallization scenario would show a complicated network of dendrite growth interspersed with light-element-rich pockets. A core that crystallized from the inside out would have an outer core rich in late stage solids. Outward growth through snow or dendritic collapse would have a similar configuration, although inefficient compaction could result in pockets similar to the inwarddendritic-growth scenario.
ASTEROID AND METEORITE RECORDS OF THE DIFFERENTIATION PROCESSES
We have a diversity of geochemical and geophysical constraints on the compositions of asteroid surfaces and interiors. Collectively, these datasets provide evidence for surface compositions ranging from apparently chondritic bodies to fully differentiated bodies and possibly also including partially differentiated bodies. Here we review evidence for asteroidal cores from asteroidal shapes, and then discuss two relatively recently acquired datasets that constrain asteroidal differentiation and large-scale interior structures: studies of the remanent magnetization of meteorites, and in situ magnetic field observations of asteroids. These observations detect asteroid remanent magnetization, which in turn likely point to a convecting metal core capable of dynamo action in early solar system history.
Asteroidal Shape and Core Detection
Absorption and emission spectra acquired in wavelengths from the ultraviolet to the far-infrared constrain the mineralogical and elemental composition of the surface layers of asteroids (see the chapters by DeMeo et al., Masiero et al., Reddy et al., and Vernazza et al. in this volume) . Albedo and polarimetry data also provide indirect constraints on surfacelayer mineralogy. Radar data constrain the bulk density of the surface layer (see the chapters by Benner et al., Delbo et al., Margot et al., and Scheeres et al. in this volume) . Gravity data acquired either from spacecraft encounters, binary asteroid orbits, or perturbations to the orbits of more distant bodies constrain asteroid masses (see the chapter by Scheeres et al. in this volume). When combined with shape data obtained from resolved images and/or joint infrared and optical photometry, the bulk asteroid density and sometimes the interior mass distribution can be constrained (see the chapter by Russell et al. in this volume) . For example, the high surface density (ranging up to ~6 kg m -3 ) of several M-type asteroids strongly suggests they are largely metallic bodies (Shepard et al., 2010) , probably derived from early differentiated planetesimals whose silicate mantles were catastrophically removed by a collision (Asphaug, 2010) .
Spacecraft-based geophysical observations of main-belt asteroids provides evidence for differentiated internal structure. One such example is the asteroid (21) Lutetia, whose high density strongly suggests that its deep interior underwent substantial heating and sintering. Because its surface spectral properties are most similar to those of carbonaceous or enstatite chondrites (Coradini et al., 2011; Vernazza et al., 2011) , Lutetia may represent the first known partially differentiated asteroid . Formisano et al. (2013) find that partial differentiation is likely in scenarios in which Lutetia completed its accretion in less than 0.7 m.y. from the injection of 26 Al in the solar nebula and for postsintering values of macroporosity not exceeding 30 vol.%.
There is indirect evidence for a metallic core in asteroid (4) Vesta from the oblateness of its gravity field and its bulk density (Russell et al., 2012) . At the same time, observation of asteroid shape can offer further constraints on the degree of interior melting during the body's early history. Finite-element models of Vesta indicate that, even in the low-gravity regime of such bodies, strong internal heating resulted in a thin early lithosphere that experienced pervasive fracturing, permitting efficient relaxation of the body to a closely hydrostatic figure (Fu et al., 2014a) . Topography data provided by the Dawn spacecraft, combined with derived crustal thickness maps (Ermakov et al., 2014) , suggest that a large region in the northern hemisphere of Vesta has escaped significant reshaping due to late giant impacts and preserved an ancient figure closely consistent with an oblate ellipsoid of rotation, which is the shape expected for a body that nearly reached hydrostatic equilibrium. The presence of such a hydrostatic terrain confirms that the entire vestan interior, with the exception of a lithosphere of up to several tens of kilometers in thickness, underwent intense heating above approximately 800°C, which is necessary to permit viscous relaxation on the relevant timescale of asteroid thermal evolution. Future high-resolution observations of other large asteroids, including (2) Pallas, may reveal the presence of analogous hydrostatic terrain and thereby constrain the degree of early interior heating.
Paleomagnetism of Meteorites
Remanent magnetization is the semipermanent alignments of electron spins in ferromagnetic minerals and provides a record of the intensity of past magnetic fields. It can be acquired by asteroid materials in the form of thermoremanent magnetization (produced during cooling) or as crystallizationremanent magnetization (produced during crystallization) when these processes occur in the presence of a magnetic field. Asteroidal materials could be remagnetized either on their parent body or, for chondrules and refractory inclusions, when they formed as free-floating objects in the nebula (Weiss and Elkins-Tanton, 2013) . It is also possible that previously magnetized materials could be aligned by a background field as they accreted onto a planetesimal to produce accretional detrital-remanent magnetization .
By constraining the existence and intensity of ancient magnetizing fields, remanent magnetization can be used to infer the existence and nature of putative magnetic field sources in the early solar system. Proposed field sources are magnetism in the solar nebula (dragged in from the parent molecular cloud and/or generated by in situ fluid motions), induction currents generated in advecting planetesimal metallic cores (dynamos), and currents transiently generated by impactproduced plasmas (Weiss et al., 2010a) . Of these three field sources, only dynamo fields are generated by internal geophysical processes and would therefore place direct constraints on planetesimal differentiation and thermal evolution.
Paleomagnetic studies over the last five decades have found that many chondrites and achondrites contain remanent magnetization. However, until recently, the origin of this magnetization has been unclear. Over the last decade, a burst of measurements (Fig. 5) combined with a deepening understanding of meteoritics and the fundamentals of rock magnetism and dynamo theory has led to major advances in our understanding of meteorite magnetism. Paleomagnetic analyses have identified remanent magnetization in angrites and howardite-eucrite-diogenite (HED) meteorites, two groups of basaltic achondrites Weiss et al., 2008) , and main-group pallasites . The slow cooling rates experienced by these meteorites through the Curie points of their ferromagnetic minerals on their parent bodies [e.g., at least thousands of years for the angrite Angra dos Reis and the eucrite Allan Hills (ALH) A81001] are inconsistent with impact-generated plasmas as the field source, which are only thought to persist at most for ~1000 s on asteroidal bodies . The relatively young age of magnetization in these bodies (i.e., <4.557 Ga for Angra dos Reis and 3.69 Ga for ALH A81001) likely excludes magnetic fields in the solar nebula. By comparison, consideration of the physics of dynamo action on planetesimals suggests that magnetic fields could persist on these bodies on timescales ranging from several million years (Sterenborg and Crowley, 2013) up to ~200 m.y. after the formation of CAIs Weiss et al., 2008) . Therefore, it was concluded that all three parent bodies generate dynamo magnetic fields.
Paleomagnetic analyses of the Allende CV carbonaceous chondrite have identified a unidirectional magnetization blocked up to 290°C in bulk samples (Butler, 1972; Carporzen et al., 2011; Nagata and Funaki, 1983) and some chondrules (Fu et al., 2014b; Sugiura and Strangway, 1985) . The unidirectional orientation of this component requires that it was acquired after accretion on the CV parent planetesimal in a field of ~60 μT (see Fig. 7 of Weiss and Elkins-Tanton, 2013) . This is consistent with the fact that the ferromagnetic minerals in Allende (pyrrhotite, magnetite, and awaruite) are secondary alteration products widely interpreted to have formed as a result of fluid-assisted metasomatism on the CV planetesimal (Brearley and Krot, 2012) . Furthermore, the formation of these minerals was accompanied by or followed by thermal metamorphism to temperatures of 300°-500°C. These processes should have imprinted a thermoremanent or crystallization-remanent magnetization on the meteorite if a field was present. Although the actual age of the ferromagnetic minerals is uncertain, I/Xe thermochronometry suggests that the thermal event occurred at least 9-10 m.y. after the formation of CAIs. Because the solar nebula is only thought to have persisted for 3-6 m.y. after CAI formation, this likely postdates the existence of putative nebular magnetic fields. Therefore it was concluded that the most likely magnetic field source was an interior core dynamo, such that the CV parent body was partially differentiated with a molten metallic core and an unmelted (but variably metasomatized) relic chondritic crust (Carporzen et al., 2011; . Dynamo generation by flow of briny fluids is extremely unlikely because of their extremely low conductivities (see Schubert et al., 1996) . This proposal, which has roots in the early modern era of meteoritics, challenges the dominant view that individual planetesimals have homogenous structures that are either unmelted, partially melted throughout, or fully melted (Weiss and Elkins-Tanton, 2013) . It proposes that planetesimals could have reached a continuum of differentiation end states that individual bodies could have restricted regions that varied in their degrees of differentiation. It therefore implies that some chondrite and achondrites could have originated from a single parent body (Fig. 1) . The recent identification of unidirectional magnetization in CM chondrites (Cournède et al., 2015) may provide evidence for another partially differentiated chondrite parent body, although the old age of this magnetization makes it difficult to exclude an external nebular magnetic field source.
Recently, it has been proposed that the unidirectional magnetization in CV chondrites could be the product of impact-generated magnetic fields rather than a core dynamo (Bland et al., 2014) . In this scenario, the precursor lithologies of chondrites were heated by an impact-induced compaction event that simultaneously generated an impact plasma field, leading to the acquisition of a unidirectional thermoremanence without requiring partial differentiation. However, it is unclear whether impacts are likely to generate strong magnetic fields with sufficient duration and occurring in the appropriate location to magnetize rocks. For example, paleomagnetic studies of terrestrial craters have identified no evidence of impact-generated fields (Weiss et al., 2010b) . Furthermore, the peak temperatures predicted for carbonaceous meteorites by the impact-compaction hypothesis exceed the Curie temperatures of their constituent ferromagnetic minerals (pyrrhotite and magnetite, 320° and 580°C, respectively), such that the millimeter-centimeter samples studied by Carporzen et al. (2011) would be predicted to have magnetization blocked up to 580°C rather than the observed 290°C temperature. Finally, the ferromagnetic minerals in Allende and other CV chondrites are thought to have been produced mostly by secondary metasomatic and aqueous processes on their parent body. In particular, the presence of sulfide veins crosscutting chondrules and into the surrounding matrix (Krot et al., 1998) requires that much of the ferromagnetic minerals postdate any putative compaction event and therefore could not have been magnetized in an associated impact-generated field. Shown are paleointensities measured for individual meteorites from the angrite parent body, the main group pallasite parent body, the eucrite parent body, the CV chondrite parent body, and the CM chondrite parent body, all of which have been interpreted as possible records of planetesimal dynamo magnetic fields (Weiss et al., 2008; Carporzen et al., 2011; Cournède et al., 2015) . Paleointensity records of the nebular magnetic field from chondrules from the Semarkona LL ordinary chondrite (Fu et al., 2014b) are shown for comparison. Also shown are the surface magnetic field on the Earth, the inferred lunar surface field from 3.56 to 3.9 Ga (Weiss and Tikoo, 2014) , fields from the T Tauri Sun and transient flares at 0.2 AU (Weiss et al., 2010a; Vallee, 2003) , and the present-day solar wind field and surface field of Mercury (Anderson et al., 2010) .
Asteroidal Magnetism
Paleomagnetic studies of meteorites indicate that some asteroids could be magnetized by an internally generated dynamo (for bodies that formed advecting cores) or could acquire large-scale magnetization during accretion by torques associated with a background field in the nebula. These conclusions could be directly tested by direct measurements of remanent magnetic fields around asteroids. Because of the inverse-cube dependence of dipolar fields with distance from the field source, direct detection of asteroidal magnetic fields requires in situ magnetometry measurements from spacecraft. Spacecraft have attempted this thus far near six asteroids -(21) Lutetia, (243) Ida, (433) Eros, (951) Gaspra, (2867) Šteins, and (9969) Braille -but none have unambiguously detected a remanent field from these bodies (Kivelson et al., 1995; Richter et al., 2012) . One possible exceptions is Deep Space 1's flyby of the 0.78-km-radius Q-/S-type asteroid (9969) Braille, which observed a weak (~1-2 nT) change in the ambient magnetic field upon closest approach (28 km) (Richter et al., 2001) . However, this field change is near the sensitivity limit of the investigation, as demonstrated by a mismatch between the measured x-component of the field and the best-fit dipole model for the asteroidal field. Another possible exception is Galileo's flyby of the 8-kmradius S-type asteroid (951) Gaspra, during which it was thought to have detected magnetic field rotations produced by interaction of the solar wind with an intrinsic asteroidal magnetic field (Kivelson et al., 1993 (Kivelson et al., , 1995 . However, it has been subsequently proposed that the observed plasma waves do not require the presence of a significant asteroidal magnetic field but could rather be explained purely by variability of the background solar wind (Blanco-Cano et al., 2003) .
The lack of magnetic field detections near some of these asteroids places stringent constraints on the total magnetic moments of these asteroids. In particular, if it is assumed that the asteroids are uniformly magnetized, then the inferred upper limit on the magnetizations of asteroids (21) Lutetia (Richter et al., 2012) and (433) Eros are below that measured for virtually all known meteorites. This means that either these asteroids are made of materials not yet recognized as meteoritic materials on Earth or, more likely, they are made of materials resembling known meteorites but that are nonunidirectionally magnetized at spatial scales exceeding that of meteorite hand samples (>10 cm) . Therefore, magnetic field measurements of asteroids do not presently support or refute the inference made from meteorite paleomagnetic studies that many asteroids, including fully melted objects and possibly also partially differentiated bodies, likely generated dynamo magnetic fields.
Meteorite Evidence for Partial Differentiation
The existence of chondrites, primitive achondrites, and achondrites indicates that at least localized regions of planetesimals either did not melt, underwent partial melting, or completely melted. These topics are extensively reviewed elsewhere in this volume (see the chapters by Wilson et al. and Scott et al.) . Here we focus on meteorite evidence for partial differentiation.
As discussed in sections 2.3 and 4.3, thermal models of asteroid differentiation and paleomagnetic studies of chondrites indicate that some bodies may have partially differentiated, such that more than one of these meteorite lithologies could have formed on the same body. In fact, the recent discovery of primitive achondrites, thought to be the residues of partial melting of chondritic precursors, as a third major category of meteorite lithologies intermediate between chondrites and achondrites provides prima facie evidence for the existence of partially differentiated bodies. Moreover, there is broad consensus that the primitive achondrite group winonaites are derived from the same parent body as IAB iron meteorites (Benedix et al., 2000) , which demonstrates that partially differentiated bodies contained regions that experienced a large degree of melting. Three key questions that remain are how common the formation of such bodies was in the early solar system, whether they preserved chondritic crusts, and whether they formed large-scale regions of silicate and iron metallic magmas.
As reviewed extensively by Weiss and Elkins-Tanton (2013) , affiliated chondrites and achondrites could be recognized by their isotopic compositions, cosmic-ray exposure age distributions, and/or radioisotopic impact age distribution. The chemical compositions of the achondrites should also be consistent with fractionations expected from igneous differentiation of their chondrite protoliths. Particularly strong evidence would come from the identification of chondritic and achondritic materials that share these properties and are co-located within a single polymict meteorite.
Possible examples of affiliated chondrite and achondrite groups include the H chondrites and the silicate-bearing IIE iron meteorites. The silicates in these rocks share a common oxygen isotopic composition and bulk elemental composition, while the IIE iron meteorites also contain a diversity of silicate lithologies ranging from relic chondritic fragments, to achondritic unmelted chondrites with relic chondrules, to metamorphosed chondrites, to partial melts (Ruzicka, 2014) . A connection between enstatite chondrites, aubrites, and recently discovered primitive achondrites of enstatite chondritic parentage has long been considered (Keil, 2010; Watters and Prinz, 1979) . The paleomagnetism of at least CV chondrites has been interpreted as evidence for a core dynamo (Carporzen et al., 2011; . Oxygen and Cr isotopic data indicate strong affiliations between CV chondrites and the ungrouped basaltic achondrite Northwest Africa (NWA) 8186 (Agee et al., 2014) . There are also numerous "type 7" chondrites, which appear to have been heated to temperatures at or just below metal-sulfide melting (Irving et al., 2005) , including metamorphosed clasts within the CV breccias Mokoia and Yamato 86009 (Jogo et al., 2013) . Furthermore, oxygen isotopic data link the very primitive CR chondrite group to several highly metamorphosed (type 6) chondrites such as NWA 2994 as well as to achondrites such as NWA 5131 (Bunch et al., 2008; Wittke et al., 2011) . It would be surprising if chondrite parent bodies were heated to temperatures either just below the solidus or else above the silicate liquidus throughout their entire volumes such that virtually no intermediate partially differentiated bodies formed in between these end members.
CONCLUSION
There were many competing and interacting processes occurring in small bodies in early solar system history, and differences in bulk composition and accretionary history would have led to highly diverse outcomes, only a few of which may be represented in extant meteoritic and asteroidal material.
Aluminum-26 was probably the primary energy source for the heat needed to cause large-scale differentiation, while impacts caused only local melting. Progressive heating above ~200°C generated free fluids that could have been exhaled or have participated in thermal convection, although the enstatite chondrite parent bodies may have had insufficient permeability for large-scale fluid flow. Beyond 950°C, molten metal may have begun to percolate downward and form a core, although this may require even higher temperatures. The formation of a core and the fraction of the planetesimal's total metal content that would migrate there depends on the peak temperature reached and duration of heating. These factors in turn strongly depend on body size and accretion rate.
Silicate melting will commence around 1100°C. If volatiles were not already sufficiently depleted, then volatile-rich silicate melt could rise to eject or form a crust. It could also transport 26 Al away from the interior, cooling the body more quickly and slowing core growth. Alternatively, volatiledepleted melt would be negatively buoyant, thereby permitting the preservation of a chondritic or primitive achondritic crust over a differentiated interior.
On bodies heated sufficiently to form a magma ocean, initial fractional solidification as the magma ocean cools would produce only olivine before a high crystal fraction suppressed fractional solidification and caused bulk solidification. This explains the presence of olivine found in pallasites and its absence from the rest of the meteorite collection. It is difficult to predict how core solidification would have proceeded since the adiabat is shallow and sulfur content is the main factor determining the solidus. However, the different solidification regimes predict different locations of sulfur-rich late-crystallizing material.
Post-accretional remanent magnetization has been found in both chondrites and achondrites, and an internal dynamo is considered the likely magnetic field source. Magnetic fields have not been decisively detected on asteroids, probably because they are non-uniformly magnetized such that they have weak total magnetic moments.
Aspects of differentiation models can be further refined to make better predictions and inferences as solar system exploration continues. For example, the hypothetical process and effects of oxidation of iron in the presence of volatiles, followed by reduction as temperature rises, should be a topic of further research. Further work permitting thermal modeling of bodies rich in ice and other volatile compounds, which are particularly likely to be present in the outer solar system, would also permit greater understanding of early solar system processes.
